Hybrids consisting of carboxylated, single-walled carbon nanotube (c-SWNT)-silver nanoparticles (AgNPs)-DNA-poly vinyl alcohol (PVA) are synthesized via sequential functionalization to mimic the theragnostic (therapy and diagnosis) system. Carboxylation of SWNT has minimized the metal impurities with plenty of -COOH groups to produce hybrid (c-SWNT-AgNPs). The hybrid is further wrapped with DNA (hybrid-DNA) and encapsulated with PVA as hybrid composite (HC). Materials were tested against human alveolar epithelial cells (A549), mouse fibroblasts cells (NIH3T3) and human bone marrow stromal cells (HS-5). The composition-sensitive physico-chemical interactions, biophysics and biomechanics of materials-treated cells are evaluated. The cell viability was improved for HC, hybrid-PVA and c-SWNT when compared with SWNT and hybrid. SWNT and hybrid showed cell viability less than 60% at high dose (40 mg ml
Introduction
The unique nanoscale structure, physiochemical properties, ultrahigh mechanical strength, high electrical and thermal conductivity and the ability to store therapeutics in the vesicle-like structure of carbon nanotubes (CNTs) have been a source of interest for scientific and industrial research [1, 2] . Proper tuning and sensing the distinctive properties of CNTs alleviate the synthesis of various hybrids with multifunctionality. Their carbonaceous nature, resonance Raman scattering, photoluminescence, strong near-infrared optical absorption, notable photothermal therapy properties, close structural resemblance with biomolecules and the possibility of tethering various functional groups on the surface of CNTs promote their application for multimodal therapy, as carrier for therapeutics, in diagnosis, for prosthesis delivery, and as a matrix for fabricating tissue regeneration scaffolds [2 -7] . Metal & 2013 The Author(s) Published by the Royal Society. All rights reserved. nanoparticles (NPs) or quantum dot-conjugated CNTs have been used as labelling, imaging and tracking agents [2, 8, 9] . Folic acid and nucleic acid aptamers are examples of targeting moieties studied for cancer therapy that can bind specifically to target cells [10, 11] . Antineoplastic drugs and biomolecules are used as therapeutic agents for various cancer treatments [12, 13] . Polymers are used as a structural host matrix for CNTs, function as stealth or biocompatible coatings and are also used as carriers in drug delivery systems (DDSs) [3, [14] [15] [16] .
Despite the huge progress in the development of CNTbased biomedical components; cytotoxicity is a bottleneck preventing commercial exploitation [17] . Efforts have been made to assess cytotoxicity and to comprehensively enhance CNT biocompatibility. Cellular assays have been studied extensively using several cell types such as skin (HaCaT), lung (A549), pharynx (FaDu), blood-cell elements (macrophages), kidneys (HEK293) and disease-specific animal models such as human volunteers, rats, pigs, mice and rabbits [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Skin, lungs and blood-borne cells are relatively more challenging but are easily accessible organs in a given CNT-polluted environment [30] . Results are more specific to the type of cell line, assay, composition ( preferably catalytic metal impurities), chemical structure and dimension of the CNT, including length, surface area and diameter [30] . Considerable attention has been paid to study the pulmonary effects of CNTs using lung-specific A549 cells [20 -24,31] . Moreover, a variety of factors interfere with and alter results of in vitro cytotoxicity test systems, thereby the applicability of these systems has been scrutinized due to false-positive results [20] . Examples of systemic interference are adsorption of assay components such as fetal bovine serum, vitamins and CNT indicators [32] , toxicity of surfactants [33] and the interaction of CNTs with colorimetric indicators such as assay dyes [19, 20, 23] . CNTs may adsorb assay ingredients resulting in a depletion of nutrients and a decrease in cell viability [32] . Consequently, reports on the cytotoxicity of CNTs appear contradictory, and there is a consensus among various research groups to obtain more insights on CNT toxicity for materials designed for biomedical applications [5, 30] .
Porter et al. [34] demonstrated the reliable non-toxic effect of carboxyl functionalized CNT for imaging and delivery application. With the acquired knowledge, the single-walled CNT (SWNT) was functionalized with carboxylic group, NPs, DNA and PVA to fabricate hybrid composite (HC). In addition, we sequentially studied the cytotoxicity of the nanomaterials (NMs) and hybrids obtained at various steps during formation of the HC. We designed our HC to mimic a theragnostic system that includes a carrier (SWNT)-imaging agent (AgNPs) and therapeutic agent (DNA)-encapsulating polymer (PVA). SWNT is widely used as a carrier in DDS [5, 35] . AgNPs can be used as a Raman tag for imaging [36] . DNA can be used to represent the therapeutic agent (for genetic disorders) as well as a targeting moiety (nucleic acid based aptamers) [11, 13] . PVA is a recognized biocompatible material that has been used for fabricating biomaterials, and hydrogel-based DDS for sustained release [37] [38] [39] . In particular, PVA is well known for its non-toxic, non-carcinogenic and bioadhesive properties [40] . We selected lung-specific A549 cells for our study, because pulmonary toxicity has substantially limited the applicability of CNTs [31] . Additionally, mouse fibroblast cells (NIH3T3) and human bone marrow stromal cells (hBMSC; HS-5) were used to speculate the tissue engineering and regenerative application of HC. Cytotoxicity was assessed and visualized by the CCK-8 assay and bioatomic force microscopy (bio-AFM) imaging, respectively. As a complementary study to AFM imaging, force spectra (FS) analysis was carried out for cells treated with materials to observe biophysical and biomechanical changes of cells before and after the treatment. Overall, this study attempts to unravel the material interactions with cells, the resulting cytotoxicity and cellular properties. Our findings demonstrate that materials composition such as metal impurities and surfactant exhibit toxicity that was substantially reduced by suitable functionalization. The toxicity of materials is linked with cellular properties, including roughness (R), adhesion force (AdF), attractive force (AtF), jump in to contact (DJC) and Young's modulus (YM) to open up new insights in the field of interface science.
Material and methods
Functionalization of NM and preparation of HC was carried out by using oxidation, in situ reduction and non-covalent interactions. Briefly, a strategy was developed to incorporate AgNPs into c-SWNT by in situ reduction under ultrasonication and to conjugate DNA via non-covalent bonding, which was further stabilized in a PVA polymer to be used as a multifunctional hybrid for biomedical applications [21] . Detailed experimental procedure, including materials, SWNT, carboxylation of SWNT (c-SWNT), incorporation of AgNPs on c-SWNT (c-SWNT-AgNPs; henceforth called hybrid), wrapping DNA or PVA on the hybrid (henceforth called hybrid-DNA and hybrid-PVA, respectively), functionalization of the hybrid-DNA with PVA as HC (c-SWNT-AgNPs-DNA-PVA; henceforth called HC), schematic illustration, morphological characterization, zeta potential measurements, determination of metal contents by inductively coupled plasma-mass spectroscopy (ICP-MS), cell culture, cytotoxicity (CCK-8 assay), glutathione (GSH) assay, evaluation of lipid peroxidation (LPO), cell transfection, biomechanics analysis of cells by AFM, force-distance curve measurement, surface roughness analysis and statistics are given in the electronic supplementary material S2.
Results and discussions

Cytotoxicity
Figure 1a -c illustrates viability of A549, NIH3T3 and HS-5 cells treated with the materials, respectively. The serially diluted samples were used for CCK-8 study, and the obtained data are provided in figure 1 (control, 40, 10 and 2.5 mg ml
21
) and in the supplementary material (table S1a for A549 cells). Cell viability was almost unaffected up to 2.5 mg ml
, irrespective of material composition, and the results agree with the previous report, particularly for c-SWNT [34] . Considerable changes in the cell viability started to appear at 10 mg ml 21 . The overall trend in A549 cell viability was in the following order: HC . hybrid . c-SWNT . hybrid-PVA . hybrid-DNA . SWNT. The highest (95% or more) and lowest cell viability (40% or less) at the highest dosage was exhibited by HC and SWNT, respectively. SWNT showed less than 40% viability at 40 mg ml 21 dosage in A549 cells, and the toxicity exhibited by SWNT may have been due to the presence of impurities such as the metal catalysts used during SWNT synthesis. The metal impurities in the SWNT produce reactive oxygen species (ROS), oxidative stress and plasma membrane damage rsif.royalsocietypublishing.org J R Soc Interface 10: 20130694
followed by rupture, disruption of metabolic pathways and cell death (figure 2a) [18] . c-SWNT toxicity was minimized due to the removal of catalytic metal impurities [34] . ICP-MS analysis (see electronic supplementary material, figure  S3) respectively. The anionic surfactant (sodium dodecyl sulfate, SDS) could enhance the homogeneous dispersion and transfection of materials into the cells. The toxicity of SDStreated hybrid was also tested, and the results show decreased A549 cell viability, irrespective of final material composition (see electronic supplementary material, figure S1a). The toxicity of the hybrid-SDS may have resulted from the usual toxic potential of the added anionic surfactant. In addition, the bare AgNPs displayed moderate toxicity which resulted from Ag þ ions and free radicals possibly interacting with disulfide or sulfhydryl groups of cellular enzymes to disrupt metabolic processes, followed by cell death (figure 2a and electronic supplementary material, figure S1a) [18] . The covalent conjugations of moderate toxic AgNPs on c-SWNT have altered the physico-chemical properties of hybrid such as neutral surface charge, increased size, minimized silver ion leaching and hence display better A549 cell viability. The hybrid-DNA shows reduced A549 cell viability, which explains anti-cancer activity of the hybrid material. In addition, an additional PVA coating (HC) stabilized A549 cell viability in the hybrid-DNA by greater than 95% even at the highest dosage. Hybrid-PVA was prepared to test the ability of PVA to form a stealth layer, which makes the hybrid system biocompatible. The cell-supportive behaviour of PVA was clearly ascertained by the A549 cell viability of the hybrid, mainly at the dosage limit of 2.5-40 mg ml
, which indicates that the PVA molecule acts as a contact point for the cell. Therefore, the biocompatibility showed by the PVA was not surprising. By contrast, wrapping DNA with the use of SDS resulted in an abrupt reduction in cell viability, which may have been due to the SDS surfactant used to disperse hybrid during DNA attachment (see electronic supplementary material, figure S1a) [33] . It is very important to emphasize that the common problem of interference of CNT with the assay indicator formazan did not influence the cytotoxicity results presented above [20, 34] . Evaluation of GSH and malondialdehyde (MDA) was carried out to analyse the oxidative stress induced by materials in A549 cells. Intracellular total GSH levels in A549 cells displayed a dose-dependent decrease after 24 h exposure to materials (see electronic supplementary material, table S1b). The results indicate that exposure of A549 cells to the various materials altered the total GSH level plausibly. Hybrid containing SDS and SWNT induced the most significant reduction of the total GSH level by three-and fourfold that of the control group, respectively. The overall trend in depleted total GSH level was in the following order: hybrid-SDS-DNA (0.3 nM) . SWNT (0.4 nM) . hybrid-SDS (0.7 nM) . hybrid-DNA (0.6 nM) . c-SWNT (1.1 nM) . AgNPs (1.5 nM) . hybrid-PVA (1.6 nM) . hybrid (2.1 nM) . HC (2.9 nM). The amount of reduced GSH level is higher at 40 mg ml 21 , and this could be derived from reduction of GSSG by glutathione reductase via a conjugation reaction that led to intracellular activity (figure 2a 
Morphology
The morphology of the newly synthesized materials was studied to better understand the influence of materials on cell structure. Figure 3 depicts the FE-SEM, AFM and HR-TEM images of (a) SWNT, (b) c-SWNT, (c) hybrid, (d ) hybrid-DNA, (e) hybrid-PVA, and ( f ) HC. A slightly rough surface and aggregation were noted on the bare SWNT, whereas a smooth surface and homogeneous dispersion were noted with c-SWNT due to the high number of surface carboxyl groups. Notably, spherical-shaped AgNPs attached uniformly on the surface of c-SWNT (29.5 wt% loading of silver) after in situ functionalization (figure 3c and electronic supplementary material, figure S4 ). The cloudy appearance of the hybrid in figure 3d indicates that DNA was evenly wrapped, and a white coating of PVA was observed (figure 3e). Moreover, the visible bright spherical spot on the nanotubes showed strong incorporation of the AgNPs with c-SWNT and that its structure was maintained with high adhesion of DNA and the PVA coating (figure 3c-e). All three characteristic images obtained from FE-SEM, AFM and HR-TEM agreed with each other, and the size of rsif.royalsocietypublishing.org J R Soc Interface 10: 20130694 materials was evaluated and shown in table 1. The AgNPs were incorporated well with material covering and a onedimensional structure. Unlike particulate accumulation from dispersion, the molecular covering from solution, i.e. DNA and PVA, was not significantly influenced by the size of the NM. This phenomenon may evince the molecular-level distribution of DNA, and PVA on the respective hybrid formed in the sequence. Disappearance of AgNPs on the PVA-coated hybrid confirmed the possibility that the PVA coating functions as a contact point for the entire NM in which it was incorporated (figure 3e,f ). This PVA stealth layer might enhance cell viability by hindering any harmful rsif.royalsocietypublishing.org J R Soc Interface 10: 20130694 species leached or produced from other participants in the hybrid that could degrade the cell, such as ROS from CNTs and Agþ or free radicals from the AgNPs [24] .
The materials exhibited considerable changes in roughness (table 1) . Hybrid and hybrid-PVA showed the highest (35.04 nm) and lowest (2.09 nm) roughness, respectively. The carboxyl functionalization of the CNTs decreased the roughness by approximately 1 nm due to removal of amorphous carbon and the catalytic particulate impurities that adhered on the surface (see electronic supplementary material, figure S3 ). The roughness data indicate that adding AgNPs resulted in increased roughness, whereas PVA abruptly decreased it to yield a smooth surface. Similarly, DNA also had a notable impact on roughness. The highest roughness of hybrid was associated with the random distribution of AgNPs on the surface of c-SWNT. These morphological features demonstrate sequential formation of the materials and coincide well with our previous report [24] . The morphology of cells treated with 10 mg ml 21 of material on a glass coverslip was assessed by optical microscopy and bio-AFM. The best cell candidates were identified by optical microscopy and then scanned by bio-AFM to evaluate detailed topographic parameters. Figure 4 shows the differential interference contrast (DIC) and height images of material-treated cells captured by bio-AFM. Individual A549, NIH3T3 and HS-5 control cells were uniformly distributed over the substrate surface (figures 4a and 8). Groups of cell were found, but there were no clusters. The A549 cells exhibited their characteristic shape, most importantly, the appearance of invadopodias, which are actin-rich membrane protein protrusions of cancer cells that contribute to tissue invasion through the degradation of extracellular matrix and are responsible for metastasis (figures 2b and 8a) [41] . Approximately 70% of human lung carcinoma cells are bipolar but 30% contain one, three or more invadopodia, which are indicated by arrows in the optical images (figure 4, A549) [41] . The control specimen showed all possible shapes of mono-, bi-and tri-polar cells, and bi-and tri-polar cells were dominant. Circular objects with detectable and poor contrast may represent non-fixed and dead cells that are floating on the surface. Circular shapes with detectable contrast may also indicate shrunken and non-fixed cellular objects or water-insoluble crystals (figure 4). A similar trend was noted in material-treated NIH3T3 and HS-5 cells. The SWNT-treated specimen showed many circular objects varying in contrast, which may be very small cellular material (figure 4b). Besides the few mono-and di-polar cellular bodies, the rough and cluster-like objects found may represent debris. Aggregated SWNT was found as accumulation on the surface of NIH3T3 and HS-5 cells, and such mass was absent in c-SWNT-treated cells, indicating excellent dispersion of c-SWNT (figure 4b,c). Similar to SWNT, the c-SWNT treatment also produced a relatively small number of circular objects with poor contrast and few large bipolar intrinsic cells with a very rough surface. Few bi-and tri-polar cells, circular objects with poor contrast, and islands and aggregates with diffused layer-like rough surfaces were found in the hybrid-treated specimen. These layer-like objects were consistent with disintegrated cell membranes caused by internalization of hybrid, because cells will hold their original shape during adhesion, but the magnitude of roughness was similar. The DIC image of hybrid-DNA-treated specimens also showed cells with very rough surfaces and disintegrated membranes (figure 4e, A549). These results reflected the moderate cell viability observed for specimens treated with hybrid-DNA. In contrast with these specimens, PVA incorporated hybrid exhibited individual but connected layerlike morphology, and A549 shaped structures with or without very small invadopodia. In the case of NIH3T3 and HS-5 cells, the hybrid-PVA and HC acts as a two-dimensional scaffold, and treated cells exhibited similar morphology and homogeneous arrangement ( figure 4f,g ). The triangular object seen in the image ( figure 4g, A549) is the AFM tip. The population and height of the cells treated with hybrid containing PVA appeared higher than those of cells treated by other materials. The morphology of the materials-treated specimens correlated well with the cytotoxicity data. 
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Bio-AFM images in figure 4 show the topography of representative single-cell candidates (10 Â 10 mm) treated by the materials. The topographic images confirmed the shape of the cells captured by optical microscopy ( figures 4 and 8) . The nature of the cell surface, dimensions and height can be directly determined from these images. Overall, two different cell attachment patterns were found, such as stretched and diffused clusters. The control, c-SWNT and hybrid-treated cells followed the former, and the others followed the latter. Consequently, as shown in Figure 6 . Schematic of AFM-force spectroscopy operational principles. Schematic of the mechanism and process involved in force spectroscopy starting from tip approach, jump into contact, repulsive contact, adhesion force, tip release and detachment from surface. Corresponding tip angle and forces involved on each step are also graphically demonstrated (correlate the title colour with serial numbers and force curve in the image; also see table 2). tip and c-SWNT ion -dipole, capillary and salvation forces due to adsorbed water 4 tip and c-SWNT-AgNPs ion -dipole, capillary and salvation forces due to adsorbed water 5 tip and c-SWNT-AgNPs-DNA ion -dipole, capillary and salvation forces due to adsorbed water 6 tip and c-SWNT-AgNPs-PVA dipole-dipole, capillary and salvation forces due to adsorbed water 7 tip and c-SWNT-AgNPs-DNA-PVA dipole-dipole, capillary and salvation forces due to adsorbed water rsif.royalsocietypublishing.org J R Soc Interface 10: 20130694 patterns exhibited different height profile according to the hybrid-cells interaction. Furthermore, the R rms of the cell surface was evaluated and listed in table 1 and figure 5a to describe the nature of the cell surface statistically. Two different regions on the cell surface (figure 2b), possibly representing invadopodia and cytoplasm, were selected for the roughness study in A549 cells. In both control-and sample-treated cells, the trend in roughness followed the order of invadopodia , cytoplasm (see electronic supplementary material, figure S5 ). In a previous report, the centre part of the A549 cell was described as smoother than the edge, therein the centre part of the image was brighter, and the surface was not clearly visible, but no roughness data were provided [41] . The control-and HC-treated cells showed roughness around the invadopodia at close range, and it was at least doubled in other specimens. Notably, hybrid-DNA showed closer to a fourfold increase when compared with the control. This result indicates adherence of materials to the invadopodia when correlated with the roughness data ( figure 5 and electronic supplementary material, figure S5 ). The PVA-coated hybrid, which may be internalized, may show restricted growth of invadopodia as seen in figure 4f,g (see electronic supplementary material, figure S5 ). In other words, the robust coverage of the PVA-coated hybrid may also mechanically restrict the growth of invadopodia. Hybrid-PVA among the entire synthesized materials has drastically reduced the roughness in the invadopodia region that claims active arrest of invadopodia growth thereby preventing cell-cell interaction and simultaneous proliferation (figure 4f,g). A considerably different trend was observed in the cytoplasm. A549 cells treated with SWNT, c-SWNT and hybrid-DNA showed roughness values close to the control, and these materials may not adhere to this part of the cell. Hybrid and hybrid-PVA resulted in the lowest and highest roughness, respectively. Hybrid-PVA may alter the cell surface and may cause higher roughness. The lowest roughness was shown by the SWNT-treated cells in the cytoplasm region. Except for SWNT, the hybrid resulted in at least a half-fold increase in roughness at the surface representing the nucleus. SWNT showed roughness slightly lower than that of the control and it might not have adhered to this part. The increase in the roughness of cells treated with other materials may be due to the modification caused on the cell surface because of adherence or internalization. Hybrid-DNA and SWNT-treated NIH3T3 and HS-5 cells have shown higher and lower roughness, respectively. Hybrid-PVA and HC have minimized the cell roughness which indicates the layer formation of PVA on cell surface.
Force spectroscopy
Force spectroscopy is widely known as a viable tool for probing the surface of nanostructured architecture, including labelfree imaging of cells in their native environment [42] [43] [44] . The application modes of AFM such as electrostatic force microscopy, piezo-response force microscopy, scanning thermal microscopy, near-field scanning optical microscopy and phase detection microscopy are well explored in materials science research [45] . Force spectroscopy is a unique application that has upgraded AFM as a tool that best suits biological studies [46] . The unique point of force spectroscopy is the spanning direction of the cantilever during surface probing. The interfacial interactive forces come into effect when the tip is approaching the sample. The short-and long-range attractive forces and physiochemical sensitive adhesion forces control the tip-sample interaction depending on the distance, and allow the cantilever to deflect naturally (figure 6). As a result, measurements of interactive forces allow us to assess the mechanical properties of the nanostructured/biological material. Furthermore, the nature of the interaction between specific molecules can be elucidated by attaching a target molecule to the tip. The detailed operation principle and applications of FS are well documented [44] [45] [46] [47] [48] . Figure 6 schematically represents FS in which region-specific forces are indicated. FS were performed at a minimum of 10 different places on the specimen surface. Representative FS of materials and treated cells are shown in the electronic supplementary material, figure S6 and S7, respectively. FS of specimens were characterized in terms of distance at which the tip jumped in contact (DJC) with the specimen, extent of attractive (AtF) and adhesion (AdF) forces exerted between the tip and specimen. These parameters will be discussed in sequence. The data were analysed using Student's t-test, and the average values of the parameters of interest were calculated for materials and treated cells and are provided in the electronic supplementary material, table S2 to reach insights regarding the nature of the competitive interaction between the tip-cell and materials-cell. The surface charge of the materials was assessed by zeta potential measurements in an aqueous medium at pH 7, Similarities between FS of materials and treated A549 cells were observed (see electronic supplementary material, figures S5 and S6). The tip encountered short-range attractive forces upon approach and a wide adhesion peak upon retraction. The tip jumped into contact from distances of 5-220 nm, indicating short-range attractions between the tip and samples. It is well documented that the tip will experience short-range attractive forces from nanometre approaches to atomic distances, long-range attractive forces start to become an influence at a few micrometres of distance. Electrostatic forces are the dominant long-range interactive forces in the case of materials. Van der Waals forces, capillary forces, Derjaguin, Landau, Verwey and Overbeek forces/screened electrostatics, magnetic interaction and solvation forces are possible short-range interactive forces [44] [45] [46] [47] [48] that the tip could experience at the interface region. Thus, nanometre range DJC reveals the absence of long-range attraction between the tip and samples and treated cells. A clear difference in DJC can be seen upon sequential functionalization of materials (figure 7a and electronic supplementary material, table S2). The DJC was almost two to four orders of magnitude higher for c-SWNT and SWNT than that for the glass substrate, and reached 10.48+2.69 nm when AgNPs attached in situ on the c-SWNT surface, then increased to 16.6+2.66 nm when DNA was added. A profound decrease in DJC was observed upon PVA coating on the hybrid and hybrid-DNA; the decrease was very high for the former. A very similar DJC profile was also noted for NIH3T3 and HS-5 cells treated with all samples except hybrid and HC. An abrupt change in DJC was observed for both control and cells treated with samples, particularly the materials-treated A549 cells showed a moderately higher DJC than control cells (figure 7a). DJC values differed by almost one to three orders of magnitude for cells treated with materials when compared with control. . By contrast, the AtF between the tipand materials-treated cells increased steadily from the control to DNA incorporation, but PVA coating decreased AtF in the same manner as shown for the bare materials. As AtF mainly originates from surface chemistry excluding physical structure-dependent interactions such as capillary forces, it is better to analyse the nature and strength of attractive forces exerted between the tip-materials, -cells and -materials. Possible attractive forces that dominate the tip -samples interaction were predicted and are listed in table 2. Accordingly, the higher DJC shown (see electronic supplementary material, table S2) by the hybrid can be attributed to a strong intermolecular interaction with the tip compared with that between the materials themselves, which was confirmed by the largest AtF shown by hybrid. These materials possesses a very small negative charge on the surface; thus, the role of dipole-dipole and ion-dipole interactions was low, and solvation forces due to water molecules adsorbed both on the tip and on the surface of the materials together with capillary forces were probably responsible for the higher AtF. The lower AtF shown by the materials with a higher negative charge and SWNT can be explained by the lower contribution of ion-dipole, dipoledipole and dipole-induced dipole-type interactions to the AtF values observed between the materials and tip. In other words, the highest AtF may be due to the least interaction between the materials themselves.
The relatively lower DJC and AtF shown by the control and cells treated with materials indicates that the interaction between the hydrophilic tip and hydrophobic cell membrane was weak, or that the interaction between cellular membrane components was high, and the integrity of the cell membrane might remain intact. The reason for the higher DJC (figure 7a) of the SWNT-treated cells could not be explained, because the presence of SWNT enhanced the hydrophobicity of the cell membrane so that it cannot strongly interact with the polar Si 3 N 4 tip, as shown by the corresponding AtF value. A slightly higher AtF exhibited by cells treated with hybrid-DNA explains the possibility of an increase in cell membrane hydrophilicity, which can increase the magnitude of attraction rsif.royalsocietypublishing.org J R Soc Interface 10: 20130694
with the polar tip. Similarly, a higher AtF can be expected between cells treated with polar PVA, provided they were just adsorbed on the cell membrane; however, it was actually rather less than or equal to the AtF corresponding to control. Here, the lower AtF observed for cells treated with PVAcoated hybrid indicates two possibilities: (i) these hybrids rsif.royalsocietypublishing.org J R Soc Interface 10: 20130694 might be internalized due to the biocompatible nature of PVA, and (ii) the hydrophilic PVA coating prevented adhesion of hybrid on the hydrophobic cell membrane. Figure 5b shows a graphical representation of AdF values obtained from FS. Bare glass substrate, and SWNT showed AdF values closer to or less than 1 nN, but c-SWNT (9.23 + 1.36 nN) and hybrid (5.21 + 0.06 nN) were higher (electronic supplementary material, table S2). The PVA-coated hybrid showed AdF just above 2 nN. By contrast, materials-treated cells exhibited marginally higher AdF than that of the control (2.5 nN). AdF increased highly for cells-SWNT, -hybrid and -DNA with slight variation. An abrupt decrease in AdF was observed in cells treated with hybrid-PVA and HC but it was still an order of magnitude higher than that of the control, indicating the possibility of internalization of these materials into the cell membrane. The unique round morphology observed in the bio-AFM images of cells treated with the PVA-coated hybrid might have resulted from internalization.
Biomechanics
The nanoindentation analysis was performed using AFM software, and FS were measured consecutively 100 times at different positions on the central region of the cells surface (10 mm scale of green colour overlap image in figures 8 and 9). Three AFM scanning was separately carried out in an order of 80-100, 60 and 10 mm, respectively, and displayed as an overlapped single image in figures 8 and 9. The recorded AFM-FS curve was changed to tip-sample separation curve and fitting with the Hertz model using JPK software for measuring Young's modulus of cells. The biomechanical response of A549, NIH3T3 and HS-6 cells before and after treatment with materials (24 h; 10 mg ml 21 dosage) was assessed to investigate the role of hybrid on mechanical changes in cells. The average Young's modulus for untreated A549, NIH3T3 and HS-6 cells was found to be 4.5 + 0.43, 37.3 + 7.36, 29.6 + 7.9 kPa (n ¼ 100), respectively, whereas the stiffness of cells after treatment with materials increased drastically (figure 5c). The stiffness of A549 cells treated with SWNT, c-SWNT, hybrid, hybrid-DNA, hybrid-PVA and HC was found to be 35.6 + 7.9, 47.7 + 7.1, 50.4 + 6.9, 48.3 + 12.3, 44.6 + 9.5, 49.03 + 7.6 kPa (n ¼ 100), for NIH3T3 was found to be 84.6+11.7, 76.9 + 9.2, 85.6 + 12.4, 71.9 + 8.3, 91.3 + 14.4, 54.7 + 9.9 kPa and for HS5 was found to be 57.1 + 9.6, 41 + 6.9, 62.4 + 12.3, 59.8 + 11.8, 82.1 + 17.8, 71.8 + 16 kPa, respectively. The results explicate that materials significantly increase the stiffness of A549 cells, irrespective of materials composition, suggesting a notable anti-proliferation activity of materials on the A549 cells [41] . NIH3T3 and HS-5 cells stiffness increased upon SWNT and hybrid treatment and decreased with c-SWNT, hybrid-DNA and HC, whereas hybrid-PVA-treated cells show elevated stiffness due to the polymer deposition on the surface of cells. The bare A549, NIH3T3 and HS-5 cells show long invadopodia and filopodia that accelerate cell proliferation, invasion and strong interaction with neighbouring cells with aforementioned mechanical stiffness of figures 4a, 5c and 8. But materials either strongly adhere to the cell surface or are translocated into the cells and generate a mechanical stress from the cell wall towards cytoplasm (figure 2). The accumulation and translocation of materials on the cell surface is generally considered for the elevation of stiffness in cells. Exceptionally, hybrid-PVA creates a thick coating on the surface of treated cells that arrests invadopodia/filopodia invasion, as a result the cells bulge due to the mechanical stress. The thick PVA layer is clearly seen in figures 4f and 9e with the average height of 3.4 (A549), 1.08 (NIH3T3) and 1.33 mm (HS-5). In addition, similar pattern is noted with HC (figures 4g and 9f ).
Conclusions
DDS-mimicking HC consisting of tetrad materials were successfully prepared. Cell viability was altered as a function of hybrid formation, and the cytotoxicity results demonstrate that carboxylation and functionalization increase cell viability of NMs to a significant level. Optical microscope and bio-AFM studies showed that the hybrid treatment considerably changed cell morphology, and altered the formation of invadopodia/filopodia, which are decreased following treatment with the hybrid-PVA and HC. This result suggests that changes in cell metabolism occurred due to internalization or deposition of the materials. As a result Young's modulus of materials-treated cells increased significantly and evinced the biomechanical change of cells. In most cases, the roughness of the hybrid-treated cells increased. FS indicated a possible greater interaction between cells and materials and between cellular bodies. Cells treated with SWNT show higher toxicity, DJC and AdF. Hybrid-PVA and HC always exhibited distinct changes in the force curve; DJC, AtF and AdF were marginally lower than those of the other hybrid. These biophysical properties can be correlated with cellular behaviour to develop as a new biomarker. Although, several FS results could not be correlated well with the other analyses; the distribution of hybrid on or inside the cells will have to be studied in detail using confocal microscopy and cryo-transmission electron microscopy. Eventually, this study finding deserves future work and could be useful to develop theragnostic (concerted diagnosis and therapy)-based DDS for cancer treatment, i.e. safer internalization of materials that significantly affects cell metabolism with therapeutic significance.
